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Our frontier explores fundamental physics with intense sources and
ultra-sensitive detectors. It encompasses seeking tiny deviations from Standard
Model expectations in properties and transitions of elementary particle and
searches for extremely rare processes.

Rare Processes and Precision Measurements

Probing beyond-standard-model physics with precision measurements 
and rare/forbidden processes from as many directions as possible
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Alexey A Petrov (WSU) 2021 Belle II Physics Week, 11/29-12/3 2021

Fron6er	for	Rare	Processes	and	Precision	Measurements

“Table-top”	experiments

19

(Tom Blum/Peter Winter)

(Angelo Di Canto/Stefan Meinel)

(Evgueni Goudzovski/Emilie Passemar)

(Pavel Fileviez Perez/Andrea Pocar)

(Bertrand Echenard/Sacha Davidson)

(Mike Williams/Stefania Gori)

(Tomasz Skwarnicki/Richard Lebed)

Accelerator-based	experiments

Fron6er	summary:	searches	for	new	(rare)	phenomena	with	precision	measurements

Experimental efforts range from from (big) collider-based experiments to 
‘‘table-top’’ experiments. Need intense sources and ultra-sensitive detectors.



Frontier organization
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• Liaisons with other frontiers:

Energy: M. Franco Sevilla

Neutrino: R. Bernstein

Cosmic: S. Gardner

Theory: A. Petrov

Accelerator: R. Bernstein

Instrumentation: M. Artuso

Computational: M. Williams

Community Engagement: S. 
Middleton

• Frontier conveners: Marina Artuso, Robert Bernstein, Alexey Petrov

• Topical groups:


RF1: Weak decays of b and c quarks — A. Di Canto, S. Meinel

RF2: Weak decays of strange and light quarks — E. Goudzovski, E. Passemar

RF3: Fundamental Physics in Small Experiments — P. Winter, T. Blum

RF4: Baryon and Lepton Number Violating Processes — P. Fileviez Perez, A. Pocar

RF5: Charged Lepton Flavor Violation — B. Echenard, S. Davidson

RF6: Dark Sector Studies at High Intensities — M. Williams, S. Gori

RF7: Hadron Spectroscopy — T. Skwarnicki, R. Lebed

https://www.snowmass21.org/rare/start214 LOIs received

https://www.snowmass21.org/rare/start


Exciting physics

• Several hints of deviations from the standard model in measurements within our 
frontier, e.g.:

• b→sl+l− decays (l=e,μ): violation of lepton-flavor universality in R(K(*)), various 

branching fractions and angular observables

• b→cτ−ν̄ decays: violation of lepton-flavor universality in R(K(*)), R(J/ψ)

• Inclusive-exclusive discrepancies in |Vub| and |Vcb| 

• B̄(s)→D(s)h– (h=K,π) branching fractions

• First-row CKM unitarity test

• KOTO anomaly in KL→π0νν̄

• Neutron lifetime puzzle

• Muon and electron g−2


• Regardless of whether these particular anomalies will survive, the “rare and precision” 
approach of searching for new physics helps to identify future directions at the energy 
frontier being sensitive to mass scales much higher than those directly accessible
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Impressive reach
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5.1. INTRODUCTION/THEORY OF FLAVOUR 67
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Fig. 5.1: Reach in new physics scale of present and future facilities, from generic dimension
six operators. Colour coding of observables is: green for mesons, blue for leptons, yellow for
EDMs, red for Higgs flavoured couplings and purple for the top quark. The grey columns illus-
trate the reach of direct flavour-blind searches and EW precision measurements. The operator
coefficients are taken to be either ⇠ 1 (plain coloured columns) or suppressed by MFV factors
(hatch filled surfaces). Light (dark) colours correspond to present data (mid-term prospects,
including HL-LHC, Belle II, MEG II, Mu3e, Mu2e, COMET, ACME, PIK and SNS).

compared with the reach of direct high-energy searches and EW precision tests (in grey), il-
lustrated by using flavour-blind operators that have the optimal reach [251]: the gluon-Higgs
operator and the oblique parameters for EW precision tests, respectively. The shown effective
energy reach of flavour experiments do have several caveats. First of all, in many realistic the-
ories either the coupling constants are smaller than unity and/or the symmetries suppress the
sizes of the coefficients. This effect is illustrated by including in the quark sector the present
bounds in tree level NP with Minimal Flavour Violation (MFV) pattern of couplings (hatch filled
areas) [252–255]. Furthermore, there could be cancellations among several higher-dimension
operators. In addition, for theories in which the new physics contributes as an insertion inside a
one-loop diagram mediated by SM particles, all the shown scales should be further reduced by
extra GIM-mass suppressions and/or a factor a/4p ⇠ 10�3 (where a denotes the generic gauge
structure constants).

Finally and importantly, the new physics scale behind the flavour paradigm may differ
from the electroweak new physics scale. Despite these caveats, Fig. 5.1 does illustrate the
unique power of flavour physics to probe NP. The next generation of precision particle physics
experiments will probe significantly higher effective NP scales, as discussed in more detail
below.

}RF1, RF2 }RF5 }RF3



RF1: b and c decays

• Rich, diverse and model-independent 
probe for new physics, which has often 
revealed itself in very unexpected ways


• One example: the only promising hints of 
new physics from the LHC seem to be 
emerging from flavor with the anomalies 
in b→sl+l− and b→cτ−ν̄ decays
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HEP2021 conference, June 16-19, 2021, online 21

b → sℓℓ : the RHs (RK , RK* , Rf , RpK … ) ratios

3.1s from SM prediction

Hs = K, K*, f …. in a 5&&
# (=q2) bin 

Hs = K* Hs = pK Hs = K

LHCb, JHEP 08 (2017) 055 JHEP 05 (2020) 040 3fb-1

4.7fb-1

arXiv:2103.11769
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RF1: experiments

• Need to support ongoing programs at Belle II, LHCb and BESIII; endorse a strong 
heavy-flavor program during HL-LHC (with construction of LHCb phase-2 upgrade) 
and beyond (e.g., at FCC-ee)


• Opportunity for BNL contribution to quark-flavor physics beyond Belle II
7

Heavy-flavor experiments in the next two decades
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2020        …        2030        …        2040

 
LHCb      Upgrade 1         Upgrade 2

Super charm-τ factory?

Belle II

BESIII
FCC-ee?e+e– 

colliders

hadron colliders
LHC HL-LHC (               )All have strong contributions to RF6 

and RF7, and some contribute also 
to RF2 and RF5



NA62 
NA62 after LS3?

KO
TO

 
KO

TO
 II/KLEVER

RF2: rare kaons decays
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• Support ongoing and 
next-generation experiments 
on rare K+ and KL decays


• Run NA62 at higher 
beam intensities after LHC 
LS3


• KOTO expected to reach 
1 SM event sensitivity by 
2025; both KOTO II and 
KLEVER aim at O(100) SM 
events with S/B=1


• Rare KS and strange hyperons decays at LHCb phase-2 upgrade


• Strong interest at BNL



RF2: rare pion decays

• Inconsistency of first-row CKM 
unitarity relation resulting from 
improved theory inputs

• Mostly driven by |Vud| from super-

allowed 0+→0+ β decay

• Cleanest way to extract |Vud| is from 
π+→π0e+ν decays

• Pioneer experiment: 10x 

improvement in precision (down to 
0.06%)

• Also interesting prospects for 

lepton-flavor-universality test in 
π+→l+ν decays


• BNL interest 9

1.1   Introduction: 4.5  Vus and CKM unitarity: All data, New Vud 
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Fit results, no constraint

Vud = 0.97368(14)
Vus = 0.22450(35)
χ2/ndf = 7.2/1 (0.7%)

ΔCKM = −0.00154(32)
−4.8σ

|Vud| = 0.97370(14)
|Vus| = 0.2233(6)

|Vus|/|Vud| = 0.2313(5)

Nf = 2+1+1: Fit to results for |Vud|, |Vus|, |Vus|/|Vud|
 f+(0) = 0.9698(17),  fK/fπ = 1.1967(18) 

V us/V ud 

Vus

fit with 
unitarity

68%CL ellipse
Without scaling S = 2.7

With scale factor S = 2.7
Vud = 0.97368(38)

Vus = 0.2245(9)
Vud 

Vus 

unitarity

fit

Vud 

Emilie Passemar 

 
3. First-row CKM unitarity and lepton 
universality tests 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Kl3 

Kl2/ πl2 

0+ à 0+  

  Vud

2
+ Vus

2
+ Vub

2
= 1 + ΔCKM

Broad sensitivity to BSM  
scenarios :  
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RF3: Fundamental physics in small experiments

• EDMs strong part of the research 
program for the next decade, 
especially with prospects for storage 
ring pEDM


• BNL interest (see Bill’s talk)


• Magnetic dipole moments (electron, 
muon) also have timelines that span 
the next decade; the Fermilab muon 
g–2 result may clarify the path 
forward


• Experiments to study gravity, Lorentz 
(CPT) and fundamental symmetries

10

pEDM sensitivity 
~10–29 e cm



Strong connections with other frontiers

• Energy, Cosmic and Neutrino: lots of overlapping physics


• Theory: progress in lattice QCD and development of more 
realistic simulations


• Instrumentation: timing detectors, low-mass tracking, …


• Accelerator: new accelerator concepts for high-intensity 
muon beams 


• Computational: efficient processing of large data volumes 
and improved algorithms for data reduction/online selections
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Summary of the summary

• Diverse and exciting physics in Rare Processes and 
Precision Measurements


• Strong BNL interest in many areas (heavy flavor, rare 
kaon and pion decays, EDMs, …)


• Need Snowmass/P5 to explicitly recognize the 
importance of this physics and prioritize support for 
ongoing and future experiments
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Towards the frontier report
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https://indico.fnal.gov/event/51844/overview

https://indico.fnal.gov/event/51844/overview

